Angiomotin was identified by its ability to bind angiostatin and has been shown to mediate its activity in vitro. The family of angiomotin-like protein consists of three members that have coiled-coil domains and conserved cterminal PDZ-binding motifs. We show here that expression of angiomotin in mouse aortic endothelial (MAE) cells results in stabilization of tubes in the Matrigel assay. Control tubes start to regress after 72 h, whereas MAEangiomotin (MAE Amot) tubes were stable for over 30 days. In contrast, cells expressing a functional mutant lacking the PDZ protein interaction motif did not migrate and form tubes. Cells from the established tubes invaded into the solidified matrigel. We therefore tested whether angiomotin promotes endothelial invasion. In microcarrier-based invasion in vitro assay, angiomotin-expressing cells invaded collagen matrix and formed tube-like branches. This was confirmed in vivo as injection of MAE-Amot cells promoted tumor growth and invasion into surrounding muscle tissue. Injection of cells transfected with the functional mutant resulted in establishment of noninvasive tumors surrounded by a capsule of fibrous tissue. These tumors remained in constant size or dormant over 3 weeks. Zymogel analysis of the transfected cells did not reveal any differences in proteolytic activity. However, time-lapse photography showed a significant increase in random motility in MAE-Amot cells. We conclude that angiomotin may promote angiogenesis by both stimulating invasion as well as stabilizing established tubes. (Hanahan and Folkman, 1996) . Cell migration and invasion are closely connected cellular processes and important both in a variety of physiological events, including embryogenesis, wound healing and inflammation, as well as in pathology, such as cancer, cardiovascular diseases (Liotta, 1984; Woodhouse et al., 1997; Kassis et al., 2001; Staff, 2001) . Cell migration involves cytoskeletal changes, such as actin reorganization, stress fiber formation and edge ruffling, which are also critical in cell migration (Vouret-Craviari et al., 1998; Ballestrem et al., 2000; Parker et al., 2002; Wang et al., 2002) .
We have identified angiomotin as a novel protein that regulates endothelial cell migration and tube formation (Troyanovsky et al., 2001) . Angiomotin was identified through its interaction with angiostatin in yeast twohybrid system screening of human placenta cDNA library. We have proposed that angiostatin inhibits endothelial cell migration by interfering with angiomotin activity. Angiomotin belongs to a novel protein family, characterized by conserved coiled-coil and PDZbinding domains, playing an important role in proteinprotein interaction (Bratt et al., 2002) . The overexpression of angiomotin in mouse aortic endothelial (MAE) cell resulted in increased migration, suggesting a positive role of angiomotin in regulating cell motility. We have shown that the c-terminal protein interaction motif is essential for angiomotin activity. Deletion of the last three amino-acids motif of the c-terminus of the angiomotin protein sequence resulted in inhibition of cell migration and tube formation in vitro and in vivo (Levchenko et al., 2003) .
In order to investigate the role of angiomotin in endothelial cell motility, we generated MAE cell lines expressing human Amot, DAmot and empty vector using the pBABE retroviral vector. Polyclonal populations of transfectants were selected with puromycin and expression levels were verified by Western blot analysis ( Figure 1a) . No difference in the proliferation rate could be detected when comparing the transfected cell lines, indicating that expression of the constructs exhibit any direct toxic effects on the cells (Figure 1b ). In addition, transfected cells did not exhibit any differences in cellcycle distribution or in apoptosis in response to low serum conditions (data not shown).
Next, we assessed the tube-forming capabilities of the cells. As we have previously reported, Amot-and vectortransfected cells formed tubes at similar efficiency. In contrast, the DAmot cells adhered to the matrigel but did not migrate and form tubes (Figure 2 ). To assess whether angiomotin conferred any changes in the stability on the generated tubes, we continued to cultivate the tubes for up to 30 days. After 5 days of culture, the tubes formed in the vector control had collapsed and formed cell aggregates. This is in accordance with what has been observed with tubes derived from primary endothelial cells (Auerbach et al., 2003; Serini et al., 2003) . In contrast, the tubes structures formed by MAE-Amot cells remained intact after 5 days and were stable in culture for over 30 days. At later time points, we could observe that cells from the MAE-Amot network started to invade into the matrigel.
To further investigate whether angiomotin expression affected endothelial cell invasion, we grew MAE cells on Biosolin cytodex-3 microcarrier beads until confluency. The beads were mixed with collagen 1 solution and incubated for 72 h. At this time point, the cells from the Amot-and vector cell-coated beads had migrated into the surrounding matrix. Quantification of the mean migration length of the cells showed that Amottransfected cells exhibited a more invasive phenotype. In contrast, invasion of MAE-DAmot cells was decreased by 90% as compared to control cells ( Figure 3) . Quantification of the length of invading cells showed a 90% decrease in inhibition of cells expressing DAmot as compared to wt angiomotin.
Previous investigators have shown that MAE cells, injected subcutaneously in nude mice, form slowgrowing vascular lesions reminiscent of epithelioid hemangioendothelioma (Bastaki et al., 1997) . To determine whether expression of angiomotin would affect the invasiveness of the hemangioendotheliomas, we injected 1 Â 10 6 MAE-Amot, DAmot or vector cells subcutaneously into SCID mice. MAE-Amot gave rise to rapidly growing tumors that vary significantly in size from that of MAE-vector tumors. (Figure 4a ). However, injection of MAE-DAmot tumors resulted in palpable tumors that remained constant in size, dormant, for over 3 weeks (Figure 4b ). No significant difference in the proliferation index could be detected as analysed by PCNA staining (Figure 4c) . However, the apoptotic The rate of cell migration was measured by time-lapse video microscopy of single cells in three independent experiments for each cell type. A total of 45 000 cells were plated in 2.5 cm dish in DMEM supplemented with 5% fetal calf serum (FCS). Cells were allowed to attach and spread for 4 h before filming commenced. One frame was captured every 10 min for 4 h. Each picture frame was inspected and cells were traced by manually marking the position of the nuclei every 20-30 min. Cells that divided, touched other cells, migrated out of view or which did not migrated were not included. For each expreriment, 8-15 cells were analysed. P-values were calculated using the Student's t-test Figure 2 Angiomotin expression stabilizes endothelial tubes formed on matrigel. Cells were plated on matrigel and incubated during 1 month. Both MAE-Amot and vector cells formed tubes 16 h after plating. The network formed by MAE-vector cells regressed after 5 days of culture. In contrast, the tubes formed by MAE-Amot cells were stable for over 30 days. The MAE-DAmot attached to the matrigel but failed to migrate and form tubes. The capillary-like structure formation was captured through phasecontrast microscope at Â 40 magnification and photographed in 16 h, day 5 and day 30 index was significantly increased in the dormant MAE DAmot tumors (Figure 4d ). Histochemical analysis showed that cells of MAE-Amot tumors invaded surrounding muscle, whereas MAE-vector cells did not (Figure 4e-f) . Furthermore, the dormant MAE-DAmot (Figure 4g ) tumors did not invade the muscle layer or surrounding mesenchyme and were surrounded by a fibrous capsule.
The in vitro and in vivo data show that the expression of angiomotin in MAE cells promotes invasion. Cell migration and invasion are fundamental components of tumor cell invasion and neovascularization. The activation of matrix metalloproteinases (MMPs) is essential for cells to migrate through extracellular matrix (Pepper et al., 1996; Pintucci et al., 1996) . In order to analyse MMP activation, conditioned media from equivalent numbers of MAE-Amot, Amot or vector control cells were collected. The media were analysed for protease activity by either gelatin or casein zymography. However, no significant difference in proteolytic activity could be detected using these substrates (Figure 1c and  1d) . In order to investigate whether angiomotin promotes the motility of transfected cells, we followed individual cells by time-lapse photography. The migration velocity of the MAE Amot cells was significantly higher than that of the vector or Amot cells. Interestingly, the DAmot cells migrated slower than the vector control cells (Figure 1e ). These data were confirmed by Boyden chamber analysis where migration was stimulated by bFGF (data not shown).
Endothelial invasion during angiogenesis depends on the concerted activation of proteases and the motility of the endothelial cells (Edwards and Murphy, 1998; Murphy and Gavrilovic, 1999) . Indeed, angiogenic factors such as VEGF and bFGF both stimulate matrix metalloproteases activity and cell migration. Protease inhibitors have been shown to inhibit angiogenesis and tumor growth in preclinical models, but have yet to prove efficacy in clinical trials. It is interesting to note that many of the angiogenesis inhibitors that have been identified, for example angiostatin, endostatin and thrombospondin inhibit cell motility (Lawler, 2002; Eriksson et al., 2003; Nyberg et al., 2003) . In this study, we show that angiomotin promotes motility without the activation of MMPs. Deleting the c-terminal of angiomotin results in suppression of motility without affecting proteolytic activity in the zymogel assay. Although no negative effect on cell proliferation could be detected in vitro or in vivo, the cells expressing DAmot remained dormant when injected into SCID mice. We have previously reported that lack of vascularization results in a state of dormancy characterized by a dynamic equilibrium where cell proliferation is balanced by cell death (Holmgren, 1996) . In contrast, the dormant tumors observed in this study were vascularized ( Figure  4h-j) , but clearly did not invade the adjacent normal tissue and were surrounded by a fibrous capsule. We argue that the migration defect of MAE DAmot is causing the inability to expand into adjacent tissues that indirectly affects the incidence of apoptosis in the DAmot tumors.
We also show, to our knowledge, for the first time that transfection of a single gene into endothelial cells stabilizes tubes for more than 30 days. Gene therapy with single angiogenic factors have been shown to induce vessels that are not stable and tend to regress once the angiogenic stimulus is removed. It is therefore of interest to study whether overexpression of angiomotin in endothelial cells stabilizes de novo formed vessels in vivo. Further studies aiming at identifying the binding partners of the c-terminal interaction site of angiomotin may shed light on the mechanism on how angiomotin switches from a promoting to repressing cell invasion. Quantification of capillary-like structure formation and cell invasion into collagen was performed as described by Nehls and Drenckhahn (1995) with small modifications. Briefly, MAE cells were grown on Biosolin cytodex-3 microcarriers (MCs) (NUNC Brand Product) until confluence. Cell-coated MCs were suspended in collagen solution. Collagen gel was formed by mixing ice-cold solutions (10 Â DMEM, type I collagen and collagen-concentrated buffer: 260 mM NaHCO 3 , 200 mM HEPES, 50 mM NaOH, 8 : 1 : 1). The gel was allowed to form by incubation in CO 2 incubator at 371C for 1 h. The gel was overlaid with 1 Â DMEM, supplemented with 10% fetal calf serum, 2 mmol/l glutamine, 100 U/ml streptomycin and 100U/ml penicillin. MAE invasion was quantified at 48 h by counting the average number of capillary-like structures per microcarrier. The beads were photographed at Â 20 magnification using Nikon digital camera and the length of the tubes was quantified using the OPENLAB program 
